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Department of Ophthalmology, Harvard Medical School, Boston, MassachusettsABSTRACT This article investigates in vitro light transmission through the human cornea in the ultraviolet (UV) portion of the
electromagnetic spectrum as a function of position across the cornea from center to periphery. Spectrophotometry was used to
measure UV transmission in the wavelength range 310–400 nm, from the central cornea to its periphery. UV transmission
decreases away from the center, and this is attributed to scattering and absorbance. Corneal endothelial cells, which line the
back of the cornea and are more numerous in the periphery, therefore receive a lower dose of UV than do those in the central
cornea. This is consistent with the recent observation that endothelial cells in the corneal periphery exhibit less nuclear oxidative
DNA damage than those in the central cornea.INTRODUCTIONThe cornea is the transparent, collagen-rich tissue that forms
the front of the eye. In humans it is just over 10 mm in diam-
eter and at its edge merges with the white sclera that forms
the rest of the eye’s outer tunic. At the cornea’s anterior
surface is a thin, multilayered epithelium that coats the
underlying corneal stroma. The stroma comprises ~90% of
the cornea and is ~500 mm thick in man (1). It is a connective
tissue matrix composed predominantly of modified type-I
collagen fibrils, which are arranged parallel to each other
in flat ribbon-like layers known as lamellae. Approximately
200–250 lamellae make up the human stroma (2), and these
are thinner and more interwoven in the anterior portion of
the stroma. Collagen fibrils are embedded in an extrafibrillar
substance composed of proteoglycans (proteins to which are
attached elongated and highly sulfated long disaccharide
chains called glycosaminoglycans that attract and bind
water), as well as other collagens, matrix molecules, and
inorganic ions. Proteoglycans have an important role in
maintaining the hydration of the stroma, and regulating
fibril diameter and spacing, which is vital for corneal trans-
parency (3). The extrafibrillar matrix also contains cells
called keratocytes; with an estimated density of between
4.6  104 and 6.2  104 cells/mm3 in humans, with more
cells located peripherally and in younger individuals (4).
In adult rabbit cornea the percentage keratocyte cell volume
within the stroma has been estimated at ~10% (5). Kerato-
cytes are modified fibroblasts that are responsible for the
slow turnover of the stromal tissue and can be activated in
a wound healing response. The corneal stroma contains
soluble glycoproteins, the most abundant of which are alde-
hyde dehydrogenases. These are supposed to have a dual
role of matching the refractive indices inside and outsideSubmitted December 7, 2011, and accepted for publication February 6,
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0006-3495/12/03/1258/7 $2.00the keratocytes, thus minimizing light scatter (5,6), and
helping to protect the eye against the damaging effects of
ultraviolet (UV) radiation (7).
Corneal collagen fibrils and the extrafibrillar substance
have different refractive indices (8). This causes the stroma
to scatter a modest proportion of the transmitted light away
from the incident direction. Because the fibrils are of very
small dimensions compared to the wavelength of light,
they act as Rayleigh scatterers (8,9). Although the fibrils
have a very small scattering cross section and are thus in-
efficient as individual scatterers, they are present in stroma
in such great numbers that if they were arranged randomly
the cornea would not be transparent (8–10). Stromal
collagen fibrils are not arranged in a perfect crystallographic
lattice, but there is sufficient order to render the stroma
transparent to visible light due to interference effects (8–11).
Corneal transmission is highest in the long wavelength
region of the visible spectrum (600–700 nm), and lowest
in the short (i.e., <500 nm) wavelength region (12–16).
Little is known about UV transmission through the
cornea, other than the tissue does not transmit significant
levels of radiation with wavelengths <~290 nm (8,12).
However, some UV radiation does reach the deeper layers
of the cornea inducing light damage (17). Kolozsva´ri et al.
(18) measured UV absorbance at the center of the cornea
and showed a wavelength dependence of UVA absorbance
in the stroma. 70% of the absorbance was attributed to the
stroma, the rest coming from the epithelium and Bowman’s
layer beneath it. The effects of UV radiation are probably
most serious in the posterior cellular lining, a single layer
of endothelial cells that have little or no ability to proliferate
in vivo (19). These cells are the source of a bicarbonate
pump (20–22) that maintains the balance of fluid in the
corneal stroma, thereby counteracting the swelling forces
due to the negatively charged glycosaminoglycans. When
the endothelium is damaged beyond its functional reserve,doi: 10.1016/j.bpj.2012.02.023
UV Light Transmission through the Cornea 1259as happens with certain diseases or as an unintended conse-
quence of intraocular surgery, the cornea swells, light scat-
tering increases, and vision is adversely affected. In the
UV region, in addition to Rayleigh scattering of UV wave-
lengths, there will be a certain amount of light absorption
(18). UV has a deleterious effect on cells, and a reduction
in UV transmission through the cornea from front to back
will presumably serve to protect the endothelial cells from
oxidative damage. Nevertheless, it is apparent that human
endothelial cells are subject to age-related damage in which
a reduction in relative ex vivo proliferative capacity occurs
in cells in the central 3 mm of the cornea compared with
cells in the peripheral 3–5 mm of the cornea (23,24).
In vitro, endothelial cells from the central cornea, particu-
larly from donors over 50 years of age, show a number of
senescence-like characteristics, including reduced prolifera-
tive capacity, cellular enlargement, and increased oxidative
nuclear DNA damage (23,25). Our current hypothesis is that
the high metabolic activity of corneal endothelial cells,
added to chronic exposure to light causes an age-related
and position-dependant increase in oxidative stress that
leads to nuclear oxidative DNA damage and results in
premature stress-induced cell cycle inhibition. If this is the
case, one would expect differences in the amount of UV
radiation that reaches the endothelium centrally compared
to peripherally.
Recently, we showed that visible light transmission is
decreased in the peripheral cornea, and that this decrease
is caused primarily by an increase in fibril radius and
changes in the relative refractive index contrast between
the fibrils and the extrafibrillar substance (14). We now
extend these studies to examine the penetration of UV light
through the central and peripheral human corneal stroma.FIGURE 1 Three-dimensional representation of stromal UV transmis-
sion as a function of wavelength and of position from the center of the
cornea. The reduction in transmission from center to periphery is apparent
at all wavelengths, but is more dramatic at higher wavelengths.MATERIALS AND METHODS
The project was approved by the National Health Service Research Ethics
Committee (UK) and was carried out in accordance with the tenets of the
Declaration of Helsinki, which govern the use of human material for
research purposes. Four human corneas (age range: 35–67 years) with an
intact scleral rim were obtained from the UK Transplant Service Bristol
Eye Bank (Bristol, UK). They were not suitable for transplant due to low
endothelial cell count and consent for their use in research projects was
forthcoming.
Endothelial and epithelial cell layers were scraped off the corneas using
laboratory razor blades and blotting paper. The debrided corneoscleral discs
were then placed in a 12–14 kDa cutoff dialysis membrane and equilibrated
to physiological hydration using 20 kDa polyethylene glycol as outlined
elsewhere (26). In brief, the corneas were dialyzed for 24 h against
5 mM HEPES buffer, pH 7.4 containing 0.154 M sodium chloride, and
polyethylene glycol (2.8% w/v). After removal from the dialysis membrane
corneas were secured in a custom-built sample chamber, half-filled with
silicon oil (Dow Corning 200/5cS). A Pye Unicam (Cambridge, UK)
SP8-100 double beam spectrophotometer with detector half-angle accep-
tance of 3 and a beam size adjusted to 1  1 mm was used to determine
the transmitted light intensity. The sample cell was placed in the spectro-
photometer such that the beam was perpendicular to the cell window at
all times. Baseline readings were made from cells filled only with silicon
oil, and was recorded before each corneal measurement. Transmissionmeasurements were expressed as a ratio of the baseline reading. The posi-
tion of the cornea in the beam path was adjusted laterally with the aid of
a vernier scale, and intensity measurements were recorded at 1 mm intervals
radiating outward from the center of the cornea.
At the conclusion of transmission measurements, a 6 mm button was tre-
phined from the central portion of each cornea. After weighing the buttons
were heated at 60C for a minimum period of 48 h before reweighing.
Corneal hydration was then determined from the ratio of the wet and dry
weights (Hydration, H ¼ (wet weight of tissue-dry weight of tissue)/dry
weight of tissue) to confirm that all corneas used were near physiological
hydration (i.e., close to H ¼ 3.2).
The summation of scattered fields method was used to calculate the UV
light scatter from the corneal collagen fibrils, as described previously (14).
The method uses a statistical approach to sum the scattering from individual
collagen fibrils, taking into account their diameters, packing arrangement,
and refractive indices (27).
RESULTS AND DISCUSSION
UV light transmission through the human corneal stroma
(H ¼ 3.0–3.5) in the wavelength range of 310–400 nm indi-
cates that, at all positions, corneal transmission decreases
gradually at shorter wavelengths (Fig. 1). At wavelengths
shorter than 310 nm, the recorded transmission diminishes
rapidly, and transmitted light cannot be reliably measured
using our technique (although others have demonstrated a
rapid loss of transmission below 300 nm (18)). In the central
cornea, we found that transmission decreases from 74% to
27% between wavelengths 400 and 310 nm, whereas
5 mm from the center it decreases from 47% to 18% over
the same wavelength range (Table 1). The decreases appear
to be approximately linear (Fig. 2), in contrast to the
decrease in light transmission in the visible spectrum that
falls off as the inverse cube of the wavelength (15). At all
wavelengths examined here, UV light propagation
decreases from central to peripheral (5 mm) regions through
the corneal stroma (Table 2). From a clinical standpoint it is
interesting to note that a decrease in UV transmission of
almost 20% from the center to the periphery occurs atBiophysical Journal 102(6) 1258–1264
TABLE 1 Average transmission data for all four corneas
Wavelength (nm)
Position (mm)
0 mm 1 mm 2 mm 3 mm 4 mm 5 mm
400 74.5 (17.0) 64.2 (14.0) 54.9 (13.3) 50.3 (14.9) 48.3 (11.1) 47.4 (7.2)
390 64.8 (17.9) 60.3 (14.0) 51.8 (13.2) 47.6 (14.6) 45.5 (11.2) 44.0 (7.0)
380 59.7 (17.1) 55.0 (13.4) 47.9 (12.8) 43.2 (13.5) 41.0 (10.5) 39.6 (6.6)
370 55.3 (16.4) 50.5 (13.3) 44.1 (12.5) 39.5 (12.9) 37.4 (10.2) 35.7 (5.9)
360 50.3 (15.5) 45.9 (12.7) 40.3 (11.8) 36.1 (12.2) 34.2 (9.7) 32.6 (5.2)
350 45.3 (14.1) 40.8 (11.7) 36.6 (10.9) 32.6 (11.3) 30.8 (8.8) 28.8 (4.5)
340 40.6 (13.0) 36.1 (11.0) 33.0 (10.3) 28.9 (10.3) 27.6 (8.2) 25.4 (4.0)
330 36.2 (11.0) 31.6 (9.7) 29.6 (9.4) 25.8 (9.2) 24.4 (7.4) 22.6 (2.9)
320 30.7 (9.6) 25.6 (8.0) 25.3 (8.5) 21.7 (8.1) 20.7 (6.7) 17.8 (2.4)
310 27.4 (7.4) 23.7 (7.0) 24.4 (7.9) 20.0 (7.5) 19.5 (6.2) 17.8 (2.2)
Standard deviation in parentheses.
1260 Doutch et al.370 nm, the wavelength conventionally used for riboflavin/
UVA cross-linking of the cornea, which is increasingly used
to treat progressive conditions such as keratoconus, a disease
in which the cornea becomes weak and misshapen resulting
in impaired vision (28).
Experimentally, it is difficult to separate the contributions
of light scattering and absorption to the measured transmis-
sion of UV light through the cornea. However, the contribu-
tion of light scattering by the collagen fibrils can be
considered theoretically using the direct summation of the
scattered fields method (27,29). We have previously pub-
lished theoretical deductions of visible light transmission
as a function of position across the corneal stroma (14).
Using the same methods, we have now extended this
analysis into the UV region and demonstrated how corneal
light transmission is reduced in the peripheral cornea due
to the influence of collagen scattering alone (Fig. 3). By
accounting for light scattering from collagen alone, corneal
transmission is predicted to show a substantial decreaseBiophysical Journal 102(6) 1258–1264from the central to peripheral regions for all wavelengths.
This scattering will contribute to the observed reduction in
transmission between the center and periphery, as shown
in Figs. 1 and 2. To approximate the relative contributions
of scattering and absorption we can consider the flux lost
(extinction) as light traverses the cornea as the sum of
collagen scattering and other flux loss at each wavelength.
The other flux loss is due to absorption as well as to scat-
tering from cellular components. The measured values of
extinction can be determined as ¼ 100%  percentage
transmission. The theoretical values of extinction due to
collagen scattering can be determined from Fig. 3 in a
similar way. By subtracting the theoretical extinction values
due to collagen scattering from the measured extinction
values, we can estimate the expected contribution of
the other sources of extinction as a function of wavelength,
both at the center and at the periphery of the cornea (Fig. 4).
This reveals that at the center of the cornea below ~380 nm,
collagen scatter accounts for about half the total extinction.FIGURE 2 UV transmission through the stroma
as a function of wavelength at different positions
from the center of the human cornea (n ¼ 4). At
all positions from center to periphery there is an
approximately linear dependence between trans-
mission and wavelength. The largest reductions
in transmission are seen centrally. (Bars represent
standard deviations).
TABLE 2 Decrease in UV transmission as a function of
wavelength from central to 5 mm peripheral stroma
Wavelength (nm)
Average percentage
transmission decrease (5 SD)
400 27.15 9.2
390 20.85 9.6
380 20.15 9.2
370 19.65 8.7
360 17.75 8.2
350 16.45 7.4
340 15.25 6.8
330 13.75 5.8
320 12.85 4.9
310 9.65 3.8
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noncollagen scatter probably arises from the corneal kerato-
cytes. In contrast, at the periphery of the cornea, a greater
proportion of the extinction comes from collagen scatter,
with a wavelength independent contribution from absorp-
tion and keratocyte scatter.
The results presented here indicate that in vitro light
transmission through the human corneal stroma decreases
substantially in the UV portion of the electromagnetic spec-
trum, and that there are pronounced differences between the
central and peripheral cornea. This is expected from theoret-
ical considerations, and has previously been noted in visible
light transmission through the human cornea (14). In the
visible region, it was demonstrated that corneal light scat-
tering as a function of position across the stroma is predom-
inantly affected by the documented changes in collagen
fibril spacing and diameter (30–32). The changes in
collagen fibril spacing are expected to alter the local refrac-tive index contrast between the collagen fibrils and extrafi-
brillar matrix leading to increased scattering (14). Light
scattering also depends heavily on the fibril diameter, the
scattering cross section of the corneal stroma having
fourth-power dependence on fibril diameter (8,15). These
two factors act to decrease corneal transmission of visible
light peripherally. Any decrease in transmission due to the
peripheral increase in corneal thickness appears to be
largely negated by a decrease in fibril density at this region
of the tissue. In these experiments, it must be noted that the
path length traversed by light through the stroma is slightly
greater than the actual tissue thickness, which is taken as the
thickness perpendicular to the corneal surface. However, by
using a simplified model of the corneal stroma, it can be
shown that the correction from parallel to perpendicular
incident light is quite small. For the theoretical model it
was calculated that the difference in transmission between
light parallel to the central optical axis and perpendicular
to the tissue surface at the far periphery is around 2% for
all wavelengths (14).
In the near-UV region we have observed that peripheral
transmission is significantly reduced throughout the 310–
400 nm UV range. It is likely that this reduction is due to
the combined influence of scattering and absorption. It is
difficult to ascertain the relative amounts of extinction that
can be attributed, independently, to scattering and to absorp-
tion. However, theoretical calculations can supply a useful
guide, with the caveat that models of corneal light scattering
do not account for any scattering contribution from the
stromal keratocytes (5,6). Nevertheless, the theoretical and
experimental data suggest that, at the center of the cornea,
cellular scatter and UV absorption show a continuousFIGURE 3 Corneal light transmission as a func-
tion of wavelength, from theoretical calculations of
light scattering. Theoretical predictions of scatter
from the collagen fibrils alone suggest the same
trends as observed experimentally from the cornea
as a whole, although the numerical dependencies
are different to those seen experimentally (in
Figure 2).
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FIGURE 4 Estimated contribution of scattering
(squares) and absorption (triangles) to the
measured extinction of UV light (diamonds) at
the center and periphery of the cornea. At the
corneal periphery, absorption shows negligible
wavelength dependence. At the corneal center,
however, a negative correlation between absorp-
tion and increasing wavelength is apparent so
that at the lower limits of the visual spectrum
(400 nm) the human cornea absorbs very little
light.
1262 Doutch et al.increase with decreasing wavelengths. In contrast, in the
peripheral cornea, cellular scatter and absorption appear to
be constant throughout the wavelength region studied.
This may be due to differences in the cellular and macromo-
lecular composition of the tissue centrally and peripherally.
Aromatic amino acid residues cause absorption by biolog-
ical macromolecules of near-UV wavelengths. Collagen,
too, is known to absorb radiation shorter than wavelengths
of 285 nm (33,34). It is also likely that the glycosaminogly-
cans in the extrafibrillar matrix will have an effect on the
corneal UV absorbance (33).
The spatial distribution of keratocytes within the stroma
may also influence both light scattering and absorption.
As previously mentioned, keratocytes are more concen-
trated in the peripheral stroma (4) and this will presumably
increase peripheral light scattering and reduce the amount of
light reaching the endothelium. In addition, these cells
contain corneal crystallins (6), which will also increase
UV absorption because they are thought to possess some
UV filtering properties. Hence, there are two possible mech-
anisms—scattering and absorption—by which corneal
keratocytes would play an influential role in reducing the
amount of UV light that reaches the endothelium in theBiophysical Journal 102(6) 1258–1264more peripheral cornea. Thus, when modeling light extinc-
tion in the UV spectrum for corneal stroma, one must
consider the total extinction cross section; i.e., the sum of
the scattering cross section from the collagen fibrils and ker-
atocytes, as well as the absorption cross sections from the
biological macromolecules. It can be speculated that the
absorption coefficient may show some variation with posi-
tion across the cornea because the relative volumes of
collagen and extrafibrillar substance vary between central
and peripheral regions (30–32). However, without more
compositional data it is not possible to calculate the extent
to which this affects the absorption coefficient.
The reduced UV flux transmitted through the peripheral
corneal stroma in humans may have biological implications
in situ. The corneal epithelium contains high levels of alde-
hyde dehydrogenase, however, because the epithelium tends
to be of constant thickness as a function of position across
the cornea (35), positional changes in epithelial thickness
are unlikely to be related to increased UV absorption in
the peripheral cornea. The epithelium was removed from the
corneas examined here, and the decrease in the transmission
of UV light from central to peripheral regions of the stroma
alone is significant, with 30% less overall transmission in
UV Light Transmission through the Cornea 1263the far periphery as compared to the stromal center. This is
consistent with the observation that human endothelial cells
in the peripheral cornea display significantly less nuclear
oxidative DNA damage and exhibit greater proliferative
capacity than those located centrally (23). Corneal endothe-
lial cells are very metabolically active, because they are
responsible for corneal hydration control and transparency
(20). In all metabolically active cells, regulation of oxidative
stress can be a significant problem. In corneal endothelium,
this stress may be increased, particularly in the central area
as the result of increased exposure to UV light. In addition,
it is possible that the response of corneal endothelial cells to
UV may differ between the central and peripheral areas due
to topographic differences in the relative expression of
various crystallins or antioxidant enzymes, or differences
in the relative concentration of antioxidants. Interestingly,
recent studies (36) showed an increase in oxidative stress
and oxidative DNA damage in the endothelium of patients
with Fuchs’ dystrophy, a disease that is first observed in
the central endothelium. It is not known whether topograph-
ical differences in UVabsorption play a role in this disease.CONCLUSIONS
The transmission of UV light by human corneal stroma was
evaluated as a function of position across the corneal
surface. It was determined that transmission is substantially
decreased in the peripheral regions, as it is for visible light.
The variation in UV flux reaching the endothelial cellular
layer therefore varies with position. UV wavelengths pre-
sumably exert radiation damage on cells through free radical
pathways, and maximum UV transmission is achieved in the
central regions of the cornea. This correlates with data
showing increased oxidative stress in central endothelial
cells compared with those at the periphery.
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